We analyzed interactions of concentrations of 11 essential and nonessential elements, including toxic metals within and between internal organs (liver, kidney and lung), muscles and bones of nestling rooks Corvus frugilegus with acute cadmium contamination and elevated level of lead. The number of statistically significant (P ≤ 0.05) metal-metal relationships (positive/negative) within particular tissues was the highest in the kidney (7/6), following in the bone (9/2), liver (6/4), lung (5/2) and muscle (5/2). We found eight significant interactions of lead with other metals, and only two of cadmium (only with lead and cobalt, which probably mirrored a greater ability of lead (than in the case of cadmium) to functional and kinetic interaction with other metals, and/or inhibiting effect of lead or cadmium in co-accumulation. Furthermore, a positive relationship between concentration of cadmium and lead in the kidney could hint at the key importance of this organ in detoxification of both toxic metals. Analyses of relationships of individual metals between examined tissues show only positive results in the case of copper (n = 8), following potassium (n = 3), zinc and iron (in both cases n = 2) and a single ones for calcium and magnesium. We concluded that the lack of significant relationships of individual toxic metals (cadmium or lead) between analyzed tissues could result from high levels of these metals, which destroyed detoxifying capacity of kidney, and ultimately enabled a rapid bioaccumulation of these inorganic contaminations in all tissues of examined nestlings. An explanation of concentration of toxic metals in tissues of animals, especially in the case of their high level, require an identification of the actual level of essential elements associated with physiological status of organism.
Introduction
Metals are the main body components of living organisms. Interactions between some metals, or group of metals i.e. minerals, trace or toxic metal have critical importance in the process of homeostasis of organism, limit the chemical stress and facilitate adaptation to changing environmental conditions (Kamiński 1998; Goyer 1997) . Internal process of homeostasis in animals is particularly threatened by the presence of high concentrations of toxic metals, which may limit the absorption of some minerals, mainly iron (Fe), calcium (Ca), zinc (Zn) and copper (Cu), and thus hinder the growth and proper body development (Blanco et al. 2004; Blanco-Penedo et al. 2006; Dauwe et al. 2006) . Therefore, the knowledge of metal interactions in internal organs and tissues gives a fundamental insight into the character of the bioaccumulation and contamination by some metals and/or metals exceeding the toxicity threshold. Furthermore, the toxicity of one metal can be dramatically modulated by the interaction with other toxic or essential metals, hence studies addressing the chemical interactions between trace elements are increasingly important (Alonso et al. 2004; Blanco et al. 2004) .
In spite of a huge amount of ecotoxicological research on metal levels in various groups of biota, including higher-trophic vertebrates, there is a shortage of studies in world literature dealing with relationships between metals in different tissues or/and the whole body of animals, also from wild populations. Only a few papers have been devoted to this problem. Metal interactions in the whole body of passerine nestlings have been studied in meadow pipit Anthus pratensis (L., 1758) (Hagen et al. 1976) , blackbird Turdus merula (L., 1758) and song trush T. philomelos Brehm, 1831 (Bilby & Widdowson 1971) , tree sparrow Passer montanus (L., 1758) and house sparrow P. domesti-cus (L., 1758) (Pinowski et al. 1995; Kamiński & Matus 1998) , and more recently in jackdaw Corvus monedula (L., 1758) (Kamiński & Warot 2005a) . Metal interactions in internal organs, including feathers, were examined in nestlings of little egret Egretta garzetta (L., 1766) and greater flamingo Phoenicopterus ruber L., 1758 (Cosson et al. 1988a, b) , kittiwake Rissa tridactyla (L., 1758) (Wenzel et al. 1996) , and during breeding period in feathers of two species of albatrosses Diomedea immutabilis (Rothschild, 1893) and D. nigripes (Audubon, 1839) (Burger & Gochfeld 2000) . Recently examined metal interactions involved tissues of mallard Anas platyrhynchos L., 1758 (Kalisińska et al. 2004) , and bones and cartilages of scaup Aythya marila (L., 1761) and pochard A. ferina (L., 1758) (Kalisińska et al. 2007 ). Apart from that, similar studies dealt with internal cattle (Alonso et al. 2004 ) and human organs (Young et al. 2002) . There are also papers analyzing metal interactions in arctic marine mammals, including polar bears Ursus maritimus Phipps, 1774 (Woshner 2001a, b) . Finally, an assessment of bioavailability and interactions of dietary toxic metals was carried out in experimental studies on rats (Irato et al. 2001) . In general, results of studies on metal interactions in different tissues of animals show antagonistic interactions between both toxic, lead (Pb) and cadmium (Cd), and minerals, mainly sodium (Na), potassium (K), Ca, magnesium (Mg), Fe, Cu, Zn and manganium (Mn). Synergistic interaction occurs mostly between some essential (namely Mg and Ca), Fe and Zn, and non-essential elements, e.g., cobalt (Co) and Cd, whilst interactions between Fe and Cu have an antagonistic character (for examples and review see Kamiński 1998; Kamiński & Warot 2005a, b) .
The aim of this work is to assess the metal interactions in internal organs (liver, kidney and lung), muscles and bones of nestling rooks Corvus frugilegus L., 1758, the species closely associated with agricultural areas of temperature regions of Eurasia. Results of this analysis are especially important, because examined nestlings characterized acute Cd contamination, and elevated level of Pb (Or lowski et al. 2012) . Hence, we believe that these relationships could be useful in explaining the exceptionally high level of both toxic metals in examined nestlings.
Material and methods
Thirty-five dead rook nestlings from 7 breeding colonies located in north-eastern Poland were used in the analysis of bioaccumulation of chemical elements (more details in Or lowski et al. 2012) . All rookeries (30-150 nests) were located within 50 km of Siedlce town (52 • 12 N; 22
• 07 E) in following sites (villages): Ceranów, Podnieśno, Kotuń, Mokobody, Mordy, Stoczek and Siedlce. In two rookeries (Podnieśno and Mokobody) breeding biology of rook was studied (Kasprzykowski 2002 (Kasprzykowski , 2007 (Kasprzykowski , 2008 . The rookeries were located in rural areas and the main foraging habitats of adult rooks were mainly grasslands and spring-sown cereals (Kasprzykowski 2003 Cd and 7.7-9.0 mg/kg Pb (Terelak et al. 2008) . These values was below the average concentration of these metals reported in Poland, which was 0.69-0.78 mg kg −1 Cd and 23.3-24.0 mg kg −1 Pb, respectively (Terelak et al. 2008 ). All dead nestlings were picked up on ground from under different nesting trees hence it might assume that they came from various nests. Nestling rooks were collected from 27 April to 7 May 2005. In individual rookeries we collected on one or more occasions between 2 and 10 fresh carcasses of dead nestlings. The collected nestlings showed no wounds on the bodies resulting from activity of scavengers or decomposition, what suggest they may have been dead for only a few hours before being collected. On the day of collection all nestlings were stored frozen at -25
• C. All examined nestlings were weighted and their tarsus length measured. According to the growth curve (Kasprzykowski Z., unpubl.) we determined the age of sampled nestlings between 1 and 13 days old.
To facilitate the assessment of the reasons of nestlings death we made dissections. None of the dead nestlings had subcutaneous fat tissue, and only two showed a small fat content in the abdomen, located in the vicinity of the liver. The likely cause of death of examined nestlings was starvation linked to food shortages however we found no stomach content in the only two (5.7%) nestlings. The stomach content of sampled dead nestlings rooks comprised mainly imagines and larvae of Coleoptera, which constitute 40% of all food items; details on analysis of stomach content of nestlings analyzed in this study presented in other paper (Or lowski et al. 2009 ). Recently, the mass mortality of nestling rooks has been recorded in many rookeries in Poland, especially during unfavorable weather condition (Kasprzykowski 2001 (Kasprzykowski , 2002 . In other studies on breeding biology of the same population of rook we found that this species produced more offspring than parents can rear, and brood reduction (most probably accelerated by food shortages) is obligatory and occurs at the beginning of the nestling period, mainly up to second week of life of nestlings; most rook broods suffered losses and only 5.2% broods ended successfully with no losses at all. Furthermore, brood reduction significantly increases with number of nestlings in the brood (Kasprzykowski Z., unpubl. data) . At this critical period of life was also dead nestlings analyzed in this paper.
Chemical analysis
In the element analyses five tissues were used: liver, kidneys, lung, pectoral muscles (hereafter "muscles") and femur ("bones"). The tissues were prepared from individuals and then they were carefully washed and rinsed in double-distilled water, thus possible contamination of tissues from necropsy equipment or cross-contamination of tissues among samples was minimized. Tissue samples were placed in tightly closed neutral polyethylene boxes and deeply frozen (-25 • C). Samples for chemical analyses were weighed and dried to a constant mass at a temperature of 65
• C. The dry mass of tissues was determined after absolute drying to a constant mass at a temperature of 65
• C. The dry mass of liver was amounted to 19.5%, of kidneys -by 22.8%, of muscle -by 27.4%, of lung -by 21.1%, and of bonesby 49.7%. In the further analysis of 11 elements, including 9 essential (Na, K, Ca, Mg, Fe, Cu, Zn, Mn, Co) and two toxic metals (Cd and Pb) we used 5-151 mg of dry weight of each organ. The concentration of heavy metals is expressed in mg kg −1 of dry mass (ppm dw) with the accuracy of one decimal points and determined with use of atomic absorption spectrophotometer (Weltz 1985) by Perkin-Elmer apparatus (type AAnalyst 800-RW0683/3PYC). Standard curves were prepared using standardized Merck samples. These were preceded by samples mineralization, which was done using the Berghof Speedwave MWS-2 system (microwave pressure digestion unit with built-in in situ temperature measurement) and using 1.5 ml of 65% pure nitric acid for analysis by Sigma-Aldrich to receive clear solution, according to standard procedures (after Berghof Co.). We used analyze reference materials, e.g., the above procedure was also performed for the blank samples for the control of contamination. We used standardized samples which were obtained from SGAB Analytica, Luleå Technical University, Luleå, Sweden and Fürst Medical Laboratory, Billingstad, Oslo, Norway, Certified Values and Uncertainty NCS ZC, i.e., each particular quality standards for each kind of tissue and specific chemical element. The analytical measurement process was validated with the aid of reference materials, i.e., CVU (bovine liver, kidney, muscles, lung, bone) provided by SGAB Analytica, Luleå Technical University, Luleå, Sweden and Fürst Medical Laboratory, Billingstad, Oslo, Norway, Certified Values and Uncertainty NCS ZC. Reference values were amounted to 0.25 ± 0.05 -32.7 ± 1.8 for chemical elements studied. The average (± SD) determined values for examined elements (20 measurements in 5-151 mg of samples) were 0.19 ± 0.05 -34.8 ± 1.07. The precision of method, understood as the degree of conformity between the results of multiple analyses performed on the same sample, corresponded to 5% (relative standard deviation, RSD). The values of metal concentration were presented as the arithmetic mean with 95% confidence limit (95% CL).
Statistical analysis
Statistical analyses of data were carried out with an aid of Excel and Statistica v. 7.1 (Statsoft 2006) software. Initially, the data on concentration of metals in all tissues were tested for goodness-of-fit to a normal distribution with the use of Kolmogorov-Smirnov test. Since some data, both raw and log-transformed, had non-normal distribution (e.g., concentration of Na, Ca or Pb), non-parametric methods were applied to assess the differences in concentration of metals between different tissues (ANOVA Kruskal-Wallis test) and interactions of various metals (Spearman rank correlation coefficient; rs). Our analysis of metal interactions embraced two different approaches resulting from potential physiological and/or chemical relations of different metals, i.e., within and between organs/tissues. In order to define the relationships 1) between different metals (= metal-metal interactions) in a particular tissue and 2) for individual metal between a pair a tissues (= tissue-tissue interactions) the Spearman rank correlation coefficients were applied. Considering the large number of statistical tests to control the type I error rate for multiple comparisons of metal-metal interactions, the overall level of significance in Spearman rank correlation coefficients was Bonferroni adjusted. In most tests concerning multiple comparisons we accepted the significance level P < 0.01; however in the Results section (c.f. Table 1) we presented the raw values of statistical tests; we believe that such approach is useful to comparison with other published investigations on metal interactions in tissues in birds and threshold of toxic metals indicative of acute and chronic exposure or toxicosis, see papers in which the matrices of correlations between concentrations different metals are presented without Bonferroni adjusted P-value; e.g., Wenzel et al. (1996) , Woshner (2001a, b) , Kalisińska et al. (2004 Kalisińska et al. ( , 2007 , Mochizuki et al. (2008) , Larison (2002) . The accepted Bonferroni adjusted value agrees with the level of significance recommended for multiple comparisons (Chandler 1995) . For remaining tests the significance level was 0.05.
Results
From four analyzed essential elements (Na, K, Ca and Mg) only concentrations of Ca were significantly different between examined tissues (Table 1 ; post-hoc comparisons of concentrations of metals between different tissues presented in Or lowski et al. 2012 ). In the case of five trace elements (Fe, Cu, Zn, Mn and Co) only for two of them, Fe and Zn, found significantly differences in concentrations between examined tissues. From two heavy metals only in the case of Pb revealed significantly differences in concentrations between tissues.
Among 275 relationships between different elements (55 × 5 tissues) presented in Table 2 we found 48 results with P < 0.05, including 32 and 16, positive and negative correlations; in 27 cases the P-value has met the Bonferroni adjustment. The number (positive/negative) relationships with P < 0.05 for particular tissues was the highest in the case of kidney, n = 13 (7/6); in decreasing order for the rest of tissue -for bone, n = 11 (9/2); liver, n = 10 (6/4); lung, n = 7 (5/2); and muscle, n = 7 (5/2). The highest number of relationships which met the Bonferroni adjustment (P < 0.01) was found in the case of kidney (n = 9). In the case of liver, lung and bone the number of such relationships was five, and for muscle was three (Table 2) .
Our analyses of relationships of the concentration of two toxic heavy metals with essential elements showed that Cd was statistically significant positive correlated with Co in the lung and bone, and with Pb in the kidney. In the case of Pb, the number of analogous relationships was considerably larger, and namely it was a negative correlation with Na, Mg and Zn, and one positive with Co in the liver; negative relationship with Mn in the lung and muscle; and positive relationship with Cu and Co in the bone ( Table 2) .
The second analysis of relationships of concentration of individual metals between five analyzed tissues showed 17 statistically significant and only positive correlations (Table 3 ). The highest number of significant relationships was found in the case of Cu (n = 8), followed by K (n = 3), Zn and Fe (in both cases n = 2), and single ones for Ca and Mg.
Discussion
Our results concerning the levels of concentrations of elements in nestling rooks, in comparison to other ecotoxicological papers on bioaccumulation of toxic metals in tissues of birds might indicate on elevated level of Cd and Pb. The concentrations of Cd in all examined tissues was similar and ranged in very small extend (Table 1) . According to Scheuhammer (1987) the con- centration of Cd greater than 3 ppm d.w. in liver and kidney would suggest hazardous environmental exposure to this element, although the concentration greater than 40 ppm in the liver and 100 ppm in the kidney are indicative for toxicosis (Degernes 2008). According to last review, the highest concentration of Cd (up to 179 ppm) found in the kidneys of marine and water birds; in the land bird the concentrations of Cd are generally lower, <16.4 ppm (Mochizuki et al. 2008 ). In the light of these data, we believe that the level of Cd observed in examined nestling rooks can be defined as acute contamination (Or lowski et al. 2012) . The relatively high concentration of Cd in surveyed nestling rook is likely connected with diet based on soil invertebrates, which are known to strongly accumulate Cd (Pinowski et al. 1983; Carpene et al. 2006; Roodbergen et al. 2008 ). On the other hand, interestingly for understanding the pattern of bioacumulation of Cd seems to be similar concentrations of these toxic metals in all analyzed tissues (Table 1) . During the dietary experiments with aviarybred adult zebra finches Poephila guttata Reichenbach, 1862 with different proportion of calcium and toxic metals [Cd, Pb and aluminium (Al)] in the food, did not reveal a food-bone transit of Cd (Schauhammer 1996) . One might suppose that the high and similar concentration of Cd in all tissues of nestling rooks resulted from disturbances in metabolism and mechanism of elimination of Cd, i.e., decreased metallothionein activity (Schauhammer 1996) caused by nutritional stress.
The second toxic metal, concentrations of which may suggest increased environmental exposure, is Pb.
According to Scheuhammer (1987) (Table 1) . Especially, we observed very low level of Fe (Table 1) , concentrations of which in the liver were up to ca. 35-times smaller than in other bird species, and most likely suggest on anaemia (Esselink et al. 1995; Hogstad 1996; Jager et al. 1996; Kamiński & Warot 2005a; see comment below) .
Our most important findings, useful in understanding the process of bioaccumulation of inorganic contaminations in animals, concern relationships between essential and toxic heavy metals. Importantly, our results show eight statistically significant (with P < 0.05) interactions for Pb (negative relationships with Na, Mg, Zn, Explanations: Asterisks denote the significance level: * P ≤ 0.05, ** P < 0.01, ***P < 0.001.
in the liver; with Mn in the lung and muscle; a positive relationship with Co in the liver and bone; and with Cu in bone), and only two for Cd (only positive with Co in the lung and bone). It seems that these results mirrored a greater ability of Pb to functional and kinetic interaction with other metals, than in the case of Cd, and/or inhibiting effect of Pb or Cd in co-accumulation, probably through a competition for binding sites on metallothioneins (Prasada Rao et al. 1989; Hawaria & Mulligan 2007) . The predominance of significant metal interactions and positive relationship between Cd and Pb in the kidney (Table 2) could suggest an intensive activity of this organ in the process of detoxification of both toxic metals (Scheuhammer 1996) , that most probably results from high environmental contamination. Synergistical interactions between Co and Cd (in lung and bone) and Pb (in liver and bone) probably reflect environmental co-occurrence of these elements, and close chemical relation between these elements (Kalavrouziotis et al. 2009; Nagy & Konya 1998) . Finally, these rela- Explanations: Asterisks denote the significance level: * P ≤ 0.05, ** P < 0.01, ***P < 0.001.
tionships may suggest a similar dietary pathway of Pb, Co and Cd, namely with food items gathered from soil (Pinowski et al. 1983) . Furthermore, some authors emphasized an important role of element interactions for the growing organisms in a whole trophic chain. Morgan & Morgan (1988) stated that soil Pb is the major factor in determining the tissue Pb concentration, although it was demonstrated that both soil pH and soil calcium level could markedly increase the variance in tissue Pb concentration. These findings help explain the apparent anomaly in tissue Pb concentrations, where the soil is acidic and has exceptionally low Ca level. Thus, soil pH, coupled with soil Ca, influences Pb accumulation by tissues of animals. It can so be concluded that, although Pb accumulation by animal organs is influenced both by physico-chemical and biochemical mechanisms, the latter over-rides the former, i.e., soil Ca is a more important factor in determining the accumulation of Pb by animals than is soil pH (Morgan & Morgan 1988) . In nestling house martins Delichon urbica L., 1758 studied by Kamiński et al. (1993) (Kamiński & Warot 2005a ). In our study, an important question of potential explanation of relationships between metals should take into account also shortages of essential metals resulting from nutritional stress. It is especially true in the case of Fe, the level of which was recognized as low and indicative of anaemia in examined nestlings (c.f. Table 1 ). However, and unexpectedly, our results did not reveal any significant relationship between Fe and Pb or Cd (Table 2) , which might be explained by an-other relation, namely between Fe and Mn. Fe deficiency, especially that induced by an iron-deficient diet, increases manganese absorption and retention (Davis et al. 1990 ). Our analysis showed a significant negative relationship between concentration of Mn and Pb in bone and lung, which indeed might confirm a metabolic relation between these elements, likely to affect negatively the growth of skeleton (Rucker et al. 1970 ). Furthermore, both toxic metals retard Zn and Cu intake and its metabolic activity (Frieden 1974; Petering 1974 ; discussed in Kalisińska et al. 2007) . Our findings show a significant negative relationship between Zn and Pb in liver, which may confirm the above-mentioned interaction. However, another quite unexpected positive relationship of Cu and Pb in bone (Table 2 ) is a contradiction of other studies, which revealed a negative relationship between these two metals (compiled in Kamiński & Warot 2005 ) -for instance in a study on metal interactions in adult mallards (Kalisińska et al. 2004) . It seems that a potential explanation of this discrepancy may be derived from a more intensive Cu metabolism and activity in nestlings compared to adult birds (adult birds were considerably more often examined than nestlings), which is linked to the growth process along with respiratory functions, i.e. the production of hemoglobin and respiratory enzymes (Blanco et al. 2004; Kamiński & Warot 2005) . Hence, we concluded that the positive relationship between Cu and Pb in bones of examined nestlings is both an effect of disturbances in balance FeCu-Mn (Rucker et al. 1970 ) and a lack of physiological threshold of Cu, the level of which was assessed as low (c.f. Table 1 ). Furthermore, an intensive Cu metabolism may also explain our second analysis of relationships of individual metals between tissues, where the highest number of significant relationships was found for this metal (Table 3) . Interestingly, our second analysis of individual metal interactions in a pair of tissues shows only positive relationships, which may suggest a similar metabolic pathway and a gradual increase with age of the level of essential and trace elements. The predominance of metal interactions in liver and kidney (12 from 16 significant relationships) indicates the presumption that the majority of metals (Ca, Mg, Zn, and some for Cu) are received through the alimentary canal. It seems that the other five interactions, i.e., K (lung vs bone), Fe (lung vs muscle) and Cu (lung vs muscle and bone, and muscle vs bone) reflect the physiological status of these tissues and an increasing concentration of these metals in growing nestlings (Pinowski et al. 1983; Kamiński & Warot 2005b) . The particular problem with understanding the impact of element-element interactions upon ecophysiological reactions of types of tissues and organs of growing chicks is neither the differences between the environments nor the concentration and bioavailability of various groups of elements in the environments, i.e., the environmental stress. We can assume that understanding the regularities controlling the circulation rates of element requires the consideration of element interactions in relations environmentorganism. Furthermore, as it can be concluded from studies by Kamiński (1998) altricial nestlings received many chemical elements both through alimentary and respiratory tracts. Thus elements whose mutual interactions are significant in most of organs, are taken in, metabolized and subjected to metabolic processes in a similar way. So the extent of bioavailability and physiological impact of chemical elements in birds depends not only on their content in food, and absorption, excretion, and concentration in the environment, growth rate and development strategy of organs, but to a large extent on the mutual interactions between elements and the efficiency of their homeostasis (Kamiński 1998) .
Finally, bearing in mind earlier important findings on significant relationships of individual toxic metals (Cd or Pb) between different tissues, mainly between liver and kidney (review for Cd in Mochizuki et al. 2008) , and in lesser degree between liver and bone, in the case of Pb (Wayland et al. 1999) , we concluded that the lack of significant relationships of individual toxic metals (Cd or Pb) between examined tissues (Table 3) could result from high concentration of these elements (Or lowski et al. 2012 ; c.f. Table 1 ). Furthermore, a high level of Cd and Pb could reduce or destroy the detoxifying capacity of kidney associated with metallothionein activity (Scheuhammer 1996) , and subsequently enable a rapid bioaccumulation of these elements in all tissues of examined nestlings. This assumption coincides with the results of Larison et al. (2000) , who showed that in the white-tailed ptarmigan Lagopus leucurus (Richardson, 1831) from habitat with extremely high content of Cd, the linearity of the regression line between Cd concentration in kidney and liver was lost when the toxic levels were exceeded. Similarly, Mochizuki et al. (2008) concluded that a linear relationship between Cd concentration in the liver and kidney occurs only in animals unpolluted by Cd. Hence, we conclude that an interpretation of metal interactions in animals requires the identification of toxicity threshold (in the case of toxic metals) or/and physiological level (in the case of essential and trace metals). Ultimately, it seems that an explanation of concentration of toxic metals in tissues of animals, especially for their high level, requires an identification of the actual level of essential elements associated with physiological status of organism.
